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On mean-field GI/GI/1 queueing model: existence
and uniqueness *

A.Yu. Veretennikov'

December 4, 2018

Abstract

A mean-field extension of the queueing system GI/G1I/1 is considered. The
process is constructed as a Markov solution of a martingale problem. Unique-
ness in distribution is also established under a bit different sets of assumptions
on intensities.
keywords: GI/GI/; mean-field; existence; weak uniqueness; Skorokhod lemma
MSC: 60-02; 60K25; 90B22

1 Introduction

Mean-field approach in the theory of queueing systems allows to take into consid-
eration large interacting ensembles of queues by using the idea of replacing these
interactions by a suitable “mean field”. This approach showed fruitful in systems
with countable and more general state spaces, see, for example, [1], [2], [3], [5], [6],
[11], and the references therein. However, to the best of the author’s knowledge,
so far there was no general method of constructing mean-field extensions of a basic
queueing model such as GI/GI/1 — or, more precisely, GI/GI/1/oo — in the litera-
ture. In this work we propose such a method under certain restrictions on intensities
of arrivals and service, which intensities may both depend on the state as well as
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on the marginal distribution of the process. This kind of dependence is natural in
the study of limits of so-called multi-agent systems, or in other words, of a large
number of weakly interacting queues (cf. again the references [1, [2], [3], [5], [6],
[T1]); in this paper we do not study such a setting because it seems reasonable to
separate the problem of convergence from the problem of existence of the limiting
process. Existence and weak uniqueness are discussed on the basis of compactness
of measures, Skorokhod’s unique probability space Lemma, total variation metric
and a Skorokhod—Girsanov’s density of measures theorem for jump processes. The
basis for the study in the sections .1l and is a technique similar to the one de-
veloped in the preprint on McKean-Vlasov stochastic equations [I6]. Note that in
some earlier papers and monographs intensities of transitions in queueing systems
were assumed to depend only on the number of customers in the system. This means
that the (conditional) distributions of the service times as well as the arrival times
are exponential. In some situations this is not realistic. In particular, it does not
allow heavy tails. Hence, motivation of our extension to a more general dependence
is simple: it should relax the assumption of exponential arrival and service times.
In the Theorem [ below heavy tails of (conditional) service time distributions are
allowed. In the Theorem [2 currently heavy tails are not possible, although, both
service and arrival times still can be more general than exponential. Nevertheless,
the author’s belief is that this is a technical matter to include the case of heavy tails
in the conditions for uniqueness, too, which problem will be hopefully resolved in
the near future. It is likely that the established results may be useful in the area
of mathematical theory of reliability which is notably known to have the same basic
formulae as queueing theory, see [§].

The paper consists of Introduction, Main section and t So, we can rigorously
apply the principle of “complete probabilities” (or, better “complete expectation”)
taking a summation as earlier in the intuitive version:wo Appendices. The Main
section consists of two subsections related to the two topics shown in the title, with
one theorem in each and with the proof of this theorem. The Appendix 1 contains
the statement of Skorokhod’s Lemma about an equivalence of weak convergence of
a sequence of processes to a convergence in probability of processes with the same
distributions on a unique probability space, included for the reader’s convenience.
The Appendix 2 offers a strict version of a non-rigorous calculus in the middle of the
proof of the Theorem [Il.



2 Main section

The state space of the process under consideration is the union
o0
X =02 U Jk 2y, zy>0
k=1

The meaning of £ here is the number of “customers” in the system; the value x
stands for the elapsed time from the last arrival, while y signifies the elapsed time of
the current service. There is only one server which works without breaks (if there is
at least one customer in the system) and it is always in a working state. All newly
arrived customers stand in a queue of the infinite capacity, and for simplicity only
we assume the FIFO discipline of service (First In First Out). It is assumed that at
any time ¢ at any state X = (k,z,y) (or X = (0,x) for k = 0) there are intensities
of service A™[t, Xy, i) and arrivals A1[t, Xy, ], where p is the distribution of the
random variable X, itself. Note that occasionally we will be using notation (0, z, y)
where y is a “false” variable, i.e., we identify all such triples with any y with a couple
(0,2). It will be sometimes convenient to denote k = k(X),z = z(X),y = y(X) for
X = (k,z,y). For technical reasons it is convenient to define the distance between
two states X = (k,z,y) and X' = (K, 2",¢') as

p(XY) = |k = K|+ |z — 2|+ ly — ¢

The process is piecewise-linear Markov (PLMP, see [7]), which simply means that
between any two subsequent jumps the continuous components — (z,y) if & > 0, or
just x if k = 0 — grow linearly with rate 1, while the discrete component n remains
unchanged.

The assumptions:

(A1) There are Borel measurable, non-negative and bounded functions A" (¢, X,Y")
and A\~ (¢, X, Y).

(A2)
A4t X = [ XY uay)
(NB: Automatically, both A* are Borel functions of (¢, X).)

(A3) The functions A\*(¢, X, Y") are continuous in all variables.



(A4) The functions A (¢, X,Y) are uniformly bounded away from zero except for
A7 (t,(0,2), (n,y,y)) = 0, for any z,y,y" > 0 (no jump down from any state
with zero customers).

Let us emphasize that neither Lipschitz nor any other regularity of the inten-
sities A* is assumed, except for continuity in (A3). Probably continuity in ¢
may be relaxed. Note that functions of time and two state variables will be
denoted with round brackets, e.g., as A\*(¢, X,Y), while functions where the
third variable is a measure will be written with square brackets like A%[t, X, u].

In particular, intensities A may include additional (non-negative) terms not depend-
ing on the measure, say, A(}—L(t, X); this may be helpful so as to justify the assumption
(A4), as the terms A7 (£, X) can be reasonably assumed uniformly bounded away from
zero. Emphasize that (A4) will only be used in the Theorem 2] and as was mentioned
earlier, there is a plausible hypothesis that this assumption even in this theorem may
be relaxed; however, we postpone this issue till further investigations.

For X € X let us denote

Xt = (k+1,0,y), for X = (k,z,y), k >0,
X" =(k-1,z,0), for X = (k,z,y), k> 1,
X+0:=(kzx+dy+96), forX=(kuzxvy), k>0,

Naturally, X~ is not defined for X = (0, z).

2.1 Existence

The initial value Xq of the process may be distributed, which distribution is denoted
by 1o (in particular, ;1o may be a delta-measure concentrated at one point).

Theorem 1 Let the assumptions (A1)-(A83) be satisfied. Then for any initial distri-
bution g on X, on some probability space there exists a Markov process (X, t > 0)
with marginal distributions p, and intensities A[t, Xy, ], H[t, Xy, pi]; in other words,
such that for any bounded continuous function g(X) with bounded continuous deriva-
tives in (x,y), the expression

M= 9(X) — (%) - | ' Lis, X, plg(X.) ds )



is a martingale, where for X = (k,z,y), X' = (K,2',y'), k> 0,t >0,
L[t, X', pg(X) = AT[t, X', uf(9(XT) — g(X))

+1(n > 0)A™[t, X', p](9(X7) — g(X))

o 0
+ g9k o y) 1k > 0) 5 g(k, 7, 9).

Moreover, for any given measure-valued function (us, s > 0) in L[s, X, ps], the
martingale problem (see [10]) () has a (weakly) unique solution.

The processes (X,, t > 0), or later in the proof of the Theorem [ (X7, t > 0) for
n > 1 being constructed, let us introduce on some probability space independent
equivalent processes (,, t > 0), or, respectively, (£, t > 0); let E’ stand in all cases
for the integration with respect to the third variable, e.g.,

E/)\i(ta Xt> gt) = / )\i(ta Xt> Y),ut(dY),

or

B (1 XT ) = [ X Yy,
where 1} is the distribution of X*; this will be repeated in the proof of the Theorem.
Recall that
AF[t, X ] = /)\i(t,X',y) pldy) = ENE(t, X7, €),
where £ has distribution p. So, the operator L can be also presented in the form,
Lit, X' plg(X) =FEL(t, X', &)g(X),
for X = (k,x,y), where
L(t, X', y)g(X) == AT (t, X', y)(9(XT) — g(X))

+1(k > 0)A™(t, X', y)(9(X7) — g(X))

0 0
il 1 el .
+ axg(k,x,y) + 1(k > O)ayg(k‘,z,y)



Note that the (possibly extended) generator of the Markov process X; (cf., for
example, [10]) is, of course, L[t, X, u¢|; different variables X and X’ in the defini-
tion above are needed only for the convenience of the proof. Equivalently, Dynkin’s
identity holds true for any function g(X) from the same class,

t
Eox,9(X2) = (o) + Eo.x, / Lis, X, j]g(X.) ds. ()
0

Moreover, equivalently, for any 0 < ¢; < t5... < t,,11, and for any Borel bounded
functions ¢ (X), X € &,

tm+41

EO,XO g(Xtm+1) - g(Xtm) - / L[S> Xs> ,Us]g(Xs) ds H QSk(th) =0. (3)

tm

Also note that for the validity of the equation (B for any Borel bounded contin-
uous functions ¢, (X), X € X it suffices to verify it for any bounded continuous
op(X), X € X, due to the property of measures on R? which are uniquely deter-
mined by the values of their integrals with continuous bounded functions (see, e.g.,
[13, Theorem 1.2.4]). The latter formula (B)) may be called one more version of
Dynkin’s identity; it will be the basis for establishing existence. With a bit of abuse
of the standard terminology, (B) may also be called a martingale problem. Note,
however, that weak uniqueness (= uniqueness in distribution) in this Theorem given
(s, s > 0) does not mean a total uniqueness in distribution of the process under
construction because there is no claim of uniqueness of (ugs, s > 0), not even talking
about a distribution in the space of trajectories.

Proof of Theorem [l For any n > 1 consider a process (X;*), with initial data
X{§ = X, and intensities of jumps up and down, respectively,

+ n n — n n
A [t>X(t—l/n)+a:u(t—1/n)+]> A [t>X(t—l/n)+>:U“(t—l/n)+]'

The process (X]') for each n is constructed by induction successfully on the intervals
[0,1/n],[1/n,2/n], etc. Due to the boundedness assumption on both intensities,
there is no blow up and the processes for any n are defined for any t > 0 as cadlag
processes without any point of jump accumulating. Moreover, for any ¢ probability
of jump exactly at time ¢ for any X" equals zero.

Recall that the processes (X', t > 0) for n > 1 being constructed, we introduce
on some probability space independent equivalent processes (&', t > 0), and that E’
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stands in all cases for the integration with respect to the third variable, e.g.,
B0 X760 = [ XYy,

It can be checked that the assumptions of the Lemma [ from the Appendix are
satisfied.
Indeed, given € > 0, let us firstly choose ¢y > 0 so that

P07MO(|X0| > CO) < 6/2
On the event (| Xo| < ¢p) we have for any n,

sup (|2(X{)] 4+ [y(X{)]) < co + 2T

0<t<T

Further, since the intensity of jump up A% is bounded, say, AT < X, then the number
of jumps up on [0, 7] is bounded in probability, that is, uniformly with respect to n
(recall that X§ = Xj),

P( sup k(X}") —k(Xo) >¢) =0, c¢— oo.

0<t<T
Hence, the first condition (@) of the Lemma[llfor the family of processes (X™) follows.
To check the second condition ([I0), note that

P(|k(X}) — k(X1)| > 0) < P(at least one jump on s, t])

<1—exp(—Alt —s]) < AJt —s].
Next, for € > 2h > 2|t — s|,
P(la(X7) — (XM + [y(X}) — y(X)| > € no jumps on [s, £]) = 0.
So, the equality (IQ) for the family of processes (X™) follows as required.

Hence, on some new probability space there exist equivalent processes (Xt", é{‘),

and a limiting pair (X, £,) such that for some subsequence (X, ") LS (X,.€,), n' —
oo, for each ¢. It follows due to the boundedness of all intensities that the limiting
process (X,,&,) is also stochastically continuous. More than that, with probability

7



one the pair (f(t,g}) is a process with a finite number of jumps on any bounded
interval. Moreover, the property limy o sup,, sup, s<r.i—s<p P(|Xi — X > €) =0
implies that for any € > 0 there is a following convergence in probability,

X(Tz’_l/n/)Jr E) Xt, n/ — OQ.

For the sequel, denote by ]t"t" the sigma-algebra J(XS" : 0 < s <), and again slightly
abusing notations we will drop the upper index n here.
The analogue of Dynkin’s formula (B)) for the pair (X', &) reads,

tm+1

/

Eox, | | 9(X2 ) — g(X7) - / E/L(s, X2y € oy, (K0 ds

tm

XHQﬁk(XZ;)] :O, 1 < ...<tm <tlmtr-
k=1

The formula () follows straightforward from the “complete expectation” arguments
(cf., for example, [18]) and from the definition of intensities.

Indeed, irrespectively on whether or not the intensities depend on the current
state of the process (Xt), or on some past values with a delay, they intuitively mean
that for 6 > 0 we have,

P (Xis=(k+ 1,2,y +0) 00 <O X7 =k 2,), Kiioajuy, = (K2, 1))

= E/A+(t7 (k/v LL’/, Y ) g(t 1/n)4 )5 + 0(5)7
and if l{:(XTlL€ ). ) >0,

P<~f+5:(k;— La+68,y), 0<y <8|F7; X7 =(k,z,y), Xpr_ l/n)+:(k’,x’,y’))
= A (K. 20)). )3+ 0(0).
and finally,

P (X7 = (kow+ 6,y + OIF X7 = (kb,2,9), Koy, = (W, 2))

=1 —E'(A + A7)(t, (K, 2" y), iy, )8 + 0(6)-



Continuity of the intensities were implicitly used here; later this assumption will be
dropped.

Hence, we can write for any bounded function g in the domain of the operator L,

E <g( ~ZL+6>|‘7:.ZL) = g(XZl7+)E/A+(t7 X{‘Lt—l/n)+7 é@-l/n)ﬂé

g (X JEA (6 X €ty )0

(X7 +8) (1= B/ (A + A7) K3y, €y, )5) +0(0),

as 0 | 0. Therefore,
E (9(X2s) - 9(X0)177)
= g(XP BN, Xf_1/ny, s Elom1ymy, )
+g(XPTEA(t, X3—1/n)+a 58—1/n)+)5
+g(X7 +6) (1= E(AT + AT Kl Eirajy,)0) — 9(X7) +0(0)

= E/L(tv X(rz—l/n)+7éa—l/n)+)g()zzl>5 + 0(5)

Applying now still intuitively the principle of “complete probabilities” (here more
accurately it could be called “complete expectation”), that is, taking a summation
we can obtain the equation (). Indeed, let us split the interval [t,,,t,,41] into N
equal small sub-intervals, t,, = so < ... < Sy = t;ua1 so that (s;47 — s;) =: ¢ and



write down,

1

E(g(%2,,,) - 9K )IF ) = DB (E (g(X2,) - o(X)IF2) 172,

1=0

i

(L0510 Ky G JO DI, ) 6+ 000)]

-
i
o

tm+1 _ ~ B )
=FE </t E’L(S,X&_1/n)+a5(72_1/n)+)g(X?) ds|]-"glm) +o(1), (5)

which implies the equation () (recall that we dropped prime at n to simplify nota-
tions). This intuitive calculus may be made strict; for the convenience of the reader
we provide such a rigorous version in the Appendix 2.

However, another easier way is just to recall the definition of intensity via the
martingale property. In our particular case — with jumps of the first component of X
just up or down — the term intensity is applied to the random variable A = A% (¢, w) if
and only if for any bounded measurable function g(X) (X = (n,x,y)) with bounded
derivatives with respect to x and y and for any ¢, > 0, the process defined by the
expression

t
M= g(X0) — oK) — [ B K, Gy oD s, 21

to

is a martingale: see, e.g., [15], Sec.3.I111.5.5] for pure jump processes and for indicator
functions, which extends straightforward to our case and to Borel measurable func-
tions; the intuition behind this definition has been offered in the little calculus above
(see also the Appendix 2). So,

tm+1

E g(XZ‘mﬂ)—g(Xtm)—/ E'L(s, X{om1jny, s E(umrymy, J9(XD) dslF, | =0 (as.).

tm
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Therefore, it follows that

tm+1

IEO,XO g(X[L7;+1) _g(‘f{tr:;) _/ E/L(Su X@l—l/n’)+7 é@/—l/n’)Jr)g(Xg/) ds H ¢k‘(Xt7:>
he k=1
= Eo x, (H %(XZ;)) E [Q(XZLH)
k=1
tm+1
—Q(Xtm) o / E/L(SvX(T;,—l/n’)Jrvézls/—l/n’)+)g()~(?> d8|‘/%.tnm = 07
tm

as required. This justifies the equation (4)).

Further, by continuity of A and h, and due to the stochastic continuity of the
processes X and &, and since all integrand expressions are bounded, and by virtue
of Lebesgue’s bounded convergence Theorem, we obtain from (@) in the limit with
continuous bounded functions (¢y),

tm—+1

Eox, | 9(X,,,.) —9(X,,) — /E'L(S,Xsfs)g(ffs)ds [[en(X,) =0 (6)
k=1

tm

Since the distribution of the random variable ft is the same as the one of Xt — let us
denote it by fi; — then (@) can be equivalently written as

tm+1 m
Fox, | 9(%,.) — 9(X,,) - / Ly(s, X, i) ds | [[on(X) =0 (7)
I k=1

As was mentioned earlier, due to the properties of measures on R? the formula (1))
holds true for any Borel bounded functions (¢y), too. Due to [9], solution of the
“martingale problem” ([7]) — or, more precisely, of the martingale problem

t
M, = g(X,) — g(X,) — /Lg(s, X,, ji,)ds, t>0, s a martingale, (8)

0
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with a given family of marginal measures (fis, s > 0) is unique. Hence, according
to [12], or |10, Theorem 4.4.2] the limiting process X is Markov. The form of its
generator with the required intensities A* follows from (7). This finishes the proof

of the Theorem [II

2.2 Weak uniqueness

Emphasize that we will use essentially boundedness of all intensities and the condi-
tion that they are (uniformly) bounded away from zero. While it is clear that the
boundedness from above may be relaxed for the purpose of establishing existence —
e.g., under Lyapunov type conditions, or under a linear growth, or otherwise, — and
that boundedness away from zero is not required for the existence at all, yet for the
uniqueness both boundedness from above and from below seems essential (although
also could be, apparently, slightly relaxed). On the other hand, continuity of the
intensities in this section is not necessary and they are not assumed.

Theorem 2 Let the assumptions (A1)-(A2) and (A4) be satisfied. Then, for any
fized distribution L£(Xy), there exists no more than one distribution of the process
(Xy, t > 0) with required intensities AT [t, X, py] and A~ [t, X, ).

Recall that no Lipschitz assumptions on the intensities are assumed. In the calculus
the total variation metric will be used.

Let Alt, X, u] .= A*[t, X, u] + A [t, X, ).

Proof of Theorem[2is based on Skorokhod—Girsanov’s change of measure formula
for jump processes (see, e.g., [14]). Suppose there are two solutions, (X}, u}) and
(X2, u?). Denote by ©, the event that the trajectory X has precisely n jumps on
[0,7T]. Recall - see, e.g., [14], [I7] — that on the interval of time [0, 7] the density of
one distribution with respect to the other — we denote them by P*', i = 1,2 — on a
typical trajectory w = (£, ...,t}) with overall n > 0 jumps up (¢;) or down (t;)
reads,

2

o dPH
pT = W(Wﬂﬂn

OAE[E X ] T L 1
fr— E Ai[t;t,Xt“ILL%l] eXp <_/0 (A[tuXt7Mt] - A[t7Xt7,ut]>dt) s

12



where X = (X,, 0 < s < T) and (tf) are the moments of jumps of the trajectory
X, up or down, respectively; we keep the same sign at A, too, i.e., AT[tT,...] or,
respectively, A=[t7,...]. The usual convention H?Zl ... = 11is assumed. Note that,
of course, the number of jumps n is random — i.e., it is a function of the trajectory
— but in any case it is almost surely finite due to the boundedness of the intensities.
Note also that the expression pr above is a probability density. We have,

e AT X ] T . 1
I O RUE TR )

i=1

00 1 n Ai[t-i Xt- Iu2.] T )
=2 B 1 2 ) — | (Alt, Xy, p2)—A[t, Xy, pl]) dt
Z ( )21:! Ai[t;t’Xtm,u%l] =P < /0 ( [ ’ t”ut] [ ’ t’lu“t]) )

n=0

[ee] n T n
:Z G // HAi[t;t,Xti,,ufi] exp (—/ Aft, Xy, 1?] dt) Hdti
n=0 0

0<ty<-<tn<T =1 =1
o0
2
= E P (€,) = 1.
n=0

Note that given the initial state X, the value without expectation E** here equals,
actually,

o0

n T -
Z / . / HA:I:[t;t7 Xti? /"L?Z] exp (—/ Ai[t, Xtv/”’?] dt) Hdtw
0 i=1

=0 o<ty <<ty <T =1

which itself equals identically one, while expectation E** relates to integration of
each term over Xy if it is random. It is worthwhile to recall that the rule of the
evolution of the trajectory X between the moments of jumps t; is deterministic and
linear with rate one for the continuous components, and the discrete component does
not change between any two consequent jumps.

Now, we want to estimate the distance in total variation between two probability
measures in the space of trajectories, ,u[lo’T] and ,u[20’T] and then to use the inequality
that the distance between the marginals of any two measures does not exceed the
distance of the measures themselves,

1
or = llur — 1llev < o — omllov =2 = 2B (pr A1) =: ¥r.

Now, the idea is to estimate the right hand side in the last term via ¢ and, hence,
to show that, at least, for small values of T" > 0 this value equals zero. If this is

13



realized, then the claim that ¢, = 0 for t < T, ¢t < 2T, etc., and, eventually, for
all t > 0 would follow by induction. In fact, we will be able to estimate the right
hand side via another expression with 7 itself. Note, by the way, that although
normally marginal distributions of any process may not determine the distribution
in the space of trajectories, in our case with intensities it is, of course, the case which
follows from [9], as mentioned already in the proof of the Theorem [

The first goal is to find a suitable lower bound for the value E*' (pr A1) from
below. Let us split it as follows:

E* (pr A1) = ZE“l )(pr A1).
Further, we have for n = 0,
B 1(Q) (pr A1)

T
— B 1(Q0) exp (— [ 8t X ) = Al X dt) AL
0

T
> exp(— [ 1M = sdlrv dDE" 1(5)
0

> exp(— || Al Tyr)E* 1().

All norms like [[A[| are sup-norms (except for the total variation norm, which is
always shown explicitly). We used the fact that |A[t, X, p]| < ||Al], and that

At X, ] = Alt, Xi, ]| < ||)\|||,U[10,t} - ,U[20,t}|TV < ||)‘|||,U[10,T} - M[20,T}|TV> 0<t<T.

14



Similarly for n > 1, with a notation A* (£, ] = In At ],

E“1(2,) (pr A1)

OAE[E X, 42 ]
= E* 1(Q, U AL RN

T
X exp (—/ (A[t, Xy, 2] — Aft, Xy, p1t]) dt) } !
0
Z E” 1 eXp Z |A th’ :ut ]\[tz:ta XQ?/"L‘}Z:H)

T
X exp (—/ |A[t, Xt,,uf] — Alt, X3, N%H dt) )
0

Minimum with 1 here was dropped after all multipliers were estimated from below
by the values less than one. Further, since the derivative of Inx is bounded on any
interval 0 < a < z < b, say, by a constant K, we have with a = inf A(...) =: A and
b= [|All,

|Ai[tz:'thti7Mi] - A[tz:'thtwru’;” < K|Ai[tz:'thti7/J’i] - Ai[t;t,Xti,ugi]|

< K[l = Nl
Hence,

E*1(20) (pr A1)

)

> B 1(2) exp(— ZKIIAII i, —
i=1

T
X exp(— / N2 = bl dt).
0

(Here by definition ty = 0.) Here the infimum A is positive by the assumption.
Thus, using the bound 1 — exp(—a) < a and estimates E*' 1(Q) < exp(—AT) and
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w1 < (AT
"= n!

exp(—AT), n > 1, we get,
—TPT—l—ZEA n) (pr A1)

< (1 — exp(— ||\ Tor))EN 1(Q)

+ZEA1 (1 — exp <—KZ 1AL ]2, — uile) x

i=1

T
X exp (— / I 22 —MHITvdt))
0

< [N TorER 1(0p)
+ZE”1 ) (1 — exp (—nK||A| ¥r — T||A|[¢r))

< Y exp(—A )<|>\||T+Z nK|[A| +T||)\]|)7(H>\HT> )

n=1

— Ty exp(~AT) (nAn £ 3+ DEJA] +TJA) %) -

The series in the right hand side here converges and does not exceed some constant,
say, C' > 0, if T' < 1. Hence, overall, we obtain,

1
0< §¢T <CTYr, T<L
This implies that
Yr =0, T<(20)7"

and, therefore, also
or=0, T<(2C)"

as required. In other words, we have shown that the two marginal measures y; and
p? coincide for all ¢ < (2C)~!
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Further, note the constant C' in this calculus does not depend on the initial
distribution of the process. Hence, using the Markov property of the process and
repeating the same arguments on [T, 277, [27, 3T}, etc., by induction we conclude
that

and, therefore, also
Yt = 07 t> 07

as required. So, the two measures p! and p? on the space of trajectories are equal.
The Theorem [ is proved.

Appendix 1

The following celebrated Lemma is stated for the convenience of the reader.

Lemma 1 (Skorokhod [17, Ch.1, §6]) Let &' (t > 0, n = 0,1,...) be some d-
dimensional stochastic processes defined on some probability space and let for any
T >0, € >0 the following hold true:

li)m Sup sup Pl > ¢) = 0, (9)
limsup sup  P(|& =& >¢€) =0. (10)

RO n ¢ s<T [t—s|<h

Then there exzsts a subsequence n' — oo and a new probability can be constructed
with processes £t ,t >0 and §t, t > 0, such that all finite-dimensional distributions
of €7 coincide with those of € and such that for any ¢ > 0 and all t > 0,

P& =& >¢) =0, n' = co.
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Appendix 2

Let us show how the intuitive calculus leading to (&) may be performed more rigor-
ously. We have,
P ( tn+5 = (k + 17 LU/, Y+ 5)70 SLE‘/ Sé)‘f.tn7 thu th—l/n)Jr) ‘X?:(k,w,y)

=P (K7, =(k+ 1,2,y +0), 0<a’ <0);

precisely one jump up on [t,t + 0]|F; X7, )N((@_l/nh) + 0(0)

t+6 ~
— AT n "
= [ E'A (S,X(S_l/n)+>€(s—l/n)+)

t+s
X exp (—/t E'A(r, X0—1/my s> Slr—1/m),) dr) ds + o(9)

t+6 B B
= /t E/A+(87 X(ns—l/n)Jrv g?s—l/n)+) ds + 0(6)7
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if K(X{,_1),) >0,

P<X[L+5_(k_1>z+5>y/)>Oéy/§6|‘/—:.tn7)2?7)2(7€ 1/n)+ )|X" (k,z,y)
P<X:L+5_(k_1>z+5>y/)aOgyléév

precisely one jump down on [t,t + 6]|F"; X[, X@_l/nH) +0(0)

t+6 R
= / EA™ (8, X{1pmys» Slsm1/m))
t
t+6 N
X exp (—/ E'A(r, X(r—1/n)y 58‘—1/n)+) dr) ds + o(9)
t

t+6
:/ E'A™ (S Xs 1/n) +7£(5 1/n)+ )dS + O(6>
t
and finally,

P(~1tn+6:(k>z+5>y+5)|'ﬁnv)z?>)z(rz 1/n)+ >|X” (k,z,y)

=P ( X7 s = (k,x + 6,y + &);no jumps on [t, ¢ + &]|F7; X7, th—1/n)+> + 0(6)
t+6
= exXp (_/ EA(T X(T, 1/n+7£(7’ 1/n)4 )d’f’) (5)
t

t+6 ~
=1- / E/A(Ta X(ﬁ—l/n) g(r 1/n)+ )d’f’ + (5)
t
Note that unlike in the intuitive calculus earlier, we did not use any regularity condi-

tions on the intensities here and that up to o(d) the formulae above are all exact, not
approximate as in the earlier intuitive version. Hence, we can write for any bounded
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function ¢ in the domain of the operator L (in particular, continuous in the second
and third components of the state variable),

t+6 ) 3
B (s(R0177) = (X0 [ BN R, G ) s
t
t+6 . .
+9(X8 Ry )/ EA™(8, X(sm1/n), Els—1/m), ) 5
t

B 45
v +0) (1= [ BAC KLy Gy, ) + 000,
t
as 0 | 0. Therefore, it follows rigorously that

E (9(X71) — 9(X7)177)

t+6 ~ R
— [ L K G D92 s+ 0(0)
t
So, we can rigorously apply the principle of “complete probabilities” (or, better
“complete expectation”) taking a summation as earlier in the intuitive version: let

us split the interval [t,,, t,,+1] into N equal small sub-intervals, ¢, = so < ... < sy =
tm+1 so that (s;01 — s;) =: 0; then we get similarly to (&),

E(g(X7.,) - (X)) = }jE( (90X, - 9(XI72) 172

tm+t1 ~ i N )
B </t E/L(S7X(T;—1/n)+7 g(ns_l/n”)g(Xg) d8|‘FZLm) + 0(1)’

which rigorously implies the equation ().
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